Background: Supplemental oxygen used during resuscitation can be detrimental to the newborn brain. The aim was to determine how different oxygen therapies affect gene transcription in a hypoxia-reoxygenation model. Methods: C57BL/6 mice (n = 56), postnatal day 7, were randomized either to 120 min of hypoxia 8% O 2 followed by 30 min of reoxygenation with 21, 40, 60, or 100% O 2 , or to normoxia followed by 30 min of 21 or 100% O 2 . Affymetrix 750k expression array was applied with RT-PCR used for validation. Histopathology and immunohistochemistry 3 d after hypoxiareoxygenation compared groups reoxygenated with 21 or 100% O 2 with normoxic controls (n = 22). results: In total, ~81% of the gene expression changes were altered in response to reoxygenation with 60 or 100% O 2 and constituted many inflammatory-responsive genes (i.e., C5ar2, Stat3, and Ccl12). Oxidative phosphorylation was downregulated after 60 or 100% O 2 . Iba1 + cells were significantly increased in the striatum and hippocampal CA1 after both 21 and 100% O 2 . conclusion: In the present model, hypoxia-reoxygenation induces microglial accumulation in subregions of the brain. The transcriptional changes dominating after applying hyperoxic reoxygenation regimes include upregulating genes related to inflammatory responses and suppressing the oxidative phosphorylation pathway.
P
erinatal asphyxia is a major cause of mortality and morbidity in the newborn (1) , and efficient resuscitation is required to restore oxygenation and adequate perfusion of the brain. Brain injury following birth asphyxia is related to both hypoxic insult and reoxygenation. Hallmarks of hypoxiareoxygenation injury include both a decrease in high-energy phosphates due to impaired oxidative phosphorylation (2) and excessive generation of reactive oxygen species. The developing brain is susceptible to reactive oxygen species-mediated injury due to imbalanced brain antioxidant defense, neuronal membranes rich in polyunsaturated fatty acids, a high rate of oxygen consumption, and high availability of free iron as reviewed in refs. (3) (4) (5) . Together with a limited threshold for oxidative stress, central nervous system immaturity also provides for a more rapid accumulation of microglia, differences in release of cytokine and chemokine, and a developing complement system, all of which make inflammation an important contributor to both injury and repair after a hypoxic insult (4, 6) . The developing brain can be exposed to both hypoxia and subsequent hyperoxia in a resuscitation situation. Hyperoxic reperfusion after hypoxia or hypoxia-ischemia (HI) can induce inflammation (7), neuronal damage (8, 9) , and cell death (10) .
Studies have demonstrated that air is as efficient as 100% oxygen for resuscitating the asphyxiated newborn (11, 12) , and experimental and clinical studies have revealed detrimental effects of 100% oxygen (8) . Importantly, mortality is reduced in neonates resuscitated with air compared with 100% oxygen (13) . However, there is to date no consensus regarding which fraction of inspired oxygen (FiO 2 ) to use during resuscitation of the preterm newborn (14) . Most of the preterm births happen in the late stage (gestational age 32-36 wk), and these children have increased mortality compared with the term infants (15) . The brain of the late preterm is immature compared with the term infant in regard to the development of sulci, synapses, dendrites, microglia, astrocytes, axons, and oligodendrocytes, and the weight of the brain is only 60% that of term infants (15) . DNA microarray technology enables large-scale analysis of gene expression patterns. We hypothesized that the use of supplemental oxygen during reoxygenation would induce differential gene expression and pathways as compared with the use of air. To identify oxygen-responsive molecular pathways after hypoxia, we analyzed the transcriptome in late premature mouse brain tissue after a hypoxia-reoxygenation event using 
RESULTS

Histopathological and Immunohistochemical Analysis
To validate the hypoxia-reoxygenation model, hematoxylin and eosin (HE) staining and immunohistochemical analysis were performed on postnatal day 7 (P7) mice from four litters (n = 22), randomized to hypoxia (FiO 2 0.08, H, n = 16) or normoxia (FiO 2 0.21, C21, n = 6) for 120 min. The hypoxia group was further randomized to subsequent reoxygenation for 30 min with FiO 2 0.21 (H21, n = 8) or 1.00 (H100, n = 8). Following 150 min survival in air, pups were returned to their dam for observation before they were euthanized postexperimental day 3. There was no necrosis in the HE-stained slides in any of the regions of interest: hippocampus, striatum, or cortex, but sparse apoptosis. Apoptotic cells (i.e., cells showing condensation and fragmentation of the nucleus and eosinophilic cytoplasm) were identified by light microscopy at high magnification (×400) and ranged from one to nine in number in each regions of interest of the three groups. No significant differences were observed between intervention groups and controls. We performed IHC with the microglial marker Iba1 (ionized calcium-binding adapter molecule 1) and the astrocytic marker GFAP (glial fibrillary acidic protein). IHC showed a significantly increased number of Iba1 + cells in striatal tissue both in H21 P = 0.004 and in H100 P = 0.014 compared with controls (C21). In the CA1 area of hippocampus, the number of Iba1 + cells was significantly increased when comparing both H21 P = 0.009 and H100 P = 0.0002 with controls (C21). In the CA2 area, comparison of H100 and C21 was significantly changed P = 0.047 (H21 vs. C21, P = 0.099). In CA3, only the difference between H21 and C21 was significant, P = 0.031 (H100 vs. C21, P = 0.160) (Figure 1) . Densitometric quantification, i.e., the mean fluorescent intensity, of the GFAP signal in the striatum and the hippocampus did not reveal any significant changes between the three groups (H21, H100, and C21) (see Supplementary Table S1 online).
Microarray Analysis
On P7, 67 C57BL/6 mice from ten litters, each comprising 6-10 pups were assigned for gene expression analysis. Totally 11 mice were excluded, 8 died during hypoxia and 3 were excluded due to technical problems. Among the 56 included mice, there were no significant weight (hypoxia 3.9 ± 0.4 g, n = 38 vs. normoxia 3.9 ± 0.3 g, n = 18) or gender (30 female, 26 male) differences between the groups. The hypoxia group was further randomized to subsequent reoxygenation for 30 min with different FiO 2 ( Figure 2) .
In whole forebrain homogenates, 701 out of the 34,670 probe sets on the microarray chip were found to be differentially expressed in the four hypoxia groups (H21, H40, H60, and H100) compared with controls (C21). Among the 24,674 probe sets with known gene symbols, 458 genes were differentially expressed compared with controls (C21). The number of differentially expressed genes was further reduced by setting the cutoff criteria at fold change (FC) ≥ 1.2 or < 0.8, ending at (Figure 3b and Supplementary Table S3 online). Hypoxia induced three times more genes with differential expression when succeeded by supplemental oxygen (H100 vs. C100, 105 genes) rather than by air (H21 vs. C21, 34 genes) (Figure 3c and Supplementary Table S4 online). In comparison, twice the number of genes were responsive to 30 min of hyperoxia per se (C100 vs. C21, 178 genes) than to hypoxia followed by hyperoxia (H100 vs. C21 85 genes) in this model (Figure 3d and Supplementary Table S5 online). The cut-off criteria described above were also used for the two last sections.
Identification of Unique and Jointly Expressed Genes
Comprehensive analysis of the differentially expressed genes compared with control after cutoff criteria was applied revealed overlapping results between the hypoxia-reoxygenation groups. Genes were selected based on their pivotal functions ( Figure 4a and Table 1 ). The highest number of jointly expressed genes was found between H60 and H100. The H40 group shared only a few genes with the three other hypoxia-reoxygenation groups (data not shown). When studying hypoxia followed by air (H21), hypoxia-reoxygenation with 100% O 2 (H100) and hyperoxia per se (C100), a distinct gene expression pattern appeared after hyperoxia alone compared with when hyperoxia was preceded by hypoxia ( Figure 4b and Table 1 ).
Cluster Analysis
The expression patterns of transcripts that showed significant changes in at least one of the hypoxic groups compared with controls (C21) were hierarchically clustered. The heat map shows two major clusters consisting of up-and downregulated genes ( Figure 5 ). Several subclusters were observed, which contained genes that displayed similar functions and gene expression changes. The H100 group displayed two pronounced subclusters of genes involved in inflammatory response, intracellular signaling, transcription, and nucleotide binding. In the downregulated major cluster, the H100 group displayed a subcluster with genes involved in metal ion binding. Articles Wollen et al.
Pathways and Functional Categories
Gene Set Enrichment Analysis (GSEA) was performed on the preprocessed and normalized data independently of the Bayesian ANOVA of microarrays (BAMarray) analysis and revealed seven significantly altered pathways on a priori selected gene sets with a chosen cutoff false discovery rate q value <0.15 in six different comparisons ( Table 2) . Oxidative phosphorylation was the only enriched pathway significantly downregulated in both H60 and H100, and 48 out of the 104 genes were here repressed in both groups (see Supplementary  Table S6 online).
Validation of the Microarray Results
To validate the microarray data, seven transcripts were analyzed with RT-PCR in 39 of the same samples used in the microarray study (Figure 6 ). Pearson correlation coefficient (r) and belonging P value for the transcripts: Hmox1, Stat3, Osmr, Igfr1, Mt2, Cox6a2, and Hdac5 ranged from 0.43 to 0.86 and from 0.03 to <0.0001, respectively.
DISCUSSION
In this study, we have performed microarray analysis on whole forebrain homogenates from P7 mice approximating the late preterm infant (16) , to determine transcriptional activation or repression after hypoxia followed by reoxygenation with graded FiO 2 supplementation. Our hypoxia model resulted in physiological stress, demonstrated with significant metabolic acidosis (17) and cardiac and respiratory changes in line with the definition of intrapartum fetal asphyxia (18) . A significant increase of microglial cells was observed after hypoxia-reoxygenation both in striatal tissue and in the hippocampal CA1, but with no differences between the reoxygenation regimes. The main finding of this study was that a considerably higher number of genes expressed in the brain were induced by hypoxia followed by 30 min of hyperoxic reoxygenation with 60 or 100% O 2 as compared with those induced by 21 and 40% O 2 . Pathway analyzes showed downregulation of oxidative phosphorylation in the 60 and 100% O 2 groups, indicating a reduced production of high-energy phosphates and more severe primary energy failure when high levels of supplemental O 2 were used during resuscitation. When comparing the three hyperoxic groups with the group reoxygenated with air, a dose-dependent gene expression pattern was revealed. Hyperoxia per se defined a unique gene expression pattern compared with when hyperoxia was preceded by hypoxia, thus disclosing different transcriptional activations due to these distinct stimuli. Our aim was to mimic a global hypoxic insult followed by subsequent reoxygenation, to be able to study the sudden reintroduction of different FiO 2 to hypoxic brain tissue, as done previously (19) . We therefore avoided ligation of the carotid artery as used in the Vanucci model, producing a focal brain injury. It is highly important to customize therapy after a hypoxia situation at birth followed by resuscitation in regard to insult severity and timing, which can be monitored both by imaging and biomarkers. The alteration of cell death pathways and response to neuroprotective strategies seem to have different effects on focal vs. global hypoxia (20) , with the latter being independently able to induce oxidative injury in the cerebral cortex (21) . Nevertheless, the hypoxia-reoxygenation model is a milder oxidative insult than HI, and there is evidence that this hypoxia-provoked oxidative stress can be counteracted by central nervous system protective mechanisms (22) . However, the antioxidant defenses can be overcome in a hypoxia-reoxygenation model, depending on the intensity and/or duration of the oxidative stress (23) . In the current model, we observed no neuronal cell death in any examined region: cortex, striatum, or hippocampus. This is in line with Weber et al. (24) who reported no increase in neuronal death even after 8% O 2 for two 8-h periods in the newborn rat brain. Our group has shown that 100% O 2 increases the extent of cerebral injury when 
Gene expression in the newborn brain
Articles following global cerebral ischemia 7 d after insult (27) . Since we aimed for a milder oxidative insult, proliferation of microglia increased in a more modest manner as compared with HI in the immature brain (28) . Astrocytes are affected by microglia activation after HI, contributing to excessive release of inflammatory mediators which can further intensify the injury (5). However, no significant changes in astrocytes density or cell death were observed after hypoxia-reoxygenation, suggesting that exposure to modest stimuli triggers the protective mechanisms that microglia possess (29) . Different signaling molecules can stimulate microglia proliferation, many of these are directly involved in inflammatory responses e.g., cytokines, complement factors, chemokines, and toll-like receptors (5) . In the current model, transcripts which were significantly increased in the microarray analysis were both pro-and antiinflammatory. In general, the hypoxia-reoxygenation model induced modest differences in the expression of the majority of genes, measured as a FC ranging between 1.1 and 1.5. The expression of only a few genes was twofold increased. The rationale for including genes displaying such subtle alterations in expression levels is based on the knowledge that these genes can be of importance because of their biological function and involvement in complex pathways. Indeed, it has been shown that even a 20% difference in gene expression can be clinically significant (30) . Transcriptional studies on global hypoxia and HI use different cutoff criteria, but both detect inflammatoryresponsive genes (31, 32) . Moreover, hyperoxic reperfusion can trigger additional inflammatory response after hypoxia (7).
Inflammatory Responsive Genes
The hypoxia-reoxygenation model upregulated among others heme oxygenase 1 (Hmox1), lipocalin 2 (Lcn2), metallothionein 2 (Mt2), complement component 5a receptor 1 (C5ar1), chemokine (C-C motif) ligand 12 (Ccl12), signal transducer and activator of transcription 3 (Stat 3), oncostatin M receptor (Osmr), and Von Willebrand factor (Vwf) which can act pro-or anti-inflammatory. Microglial cells are activated in a graded response to central nervous system stimuli involving secretion or expression of cytokines and chemokines, complement factors, and other inflammatory mediators (5). Herein, most expression changes in regards to inflammation were identified after hyperoxic reoxygenation with 60 or 100% O 2 , while microglial accumulation was observed in striatum and hippocampal CA1 independently of which reoxygenation regime being applied (21 or 100% O 2 ). Since the expression data are based on whole forebrain homogenates in contrast to the IHC performed in brain subregions, this can explain the more modest inflammatory response observed after hypoxia followed by air.
Oxidative Phosphorylation and Hyperoxic Reoxygenation
Pathway analysis by GSEA of the normalized data identified biochemical and functional pathways with altered transcription. In particular, the oxidative phosporylation pathway was downregulated after reoxygenation with both 60 and 100% O 2 . Downregulated genes were found in each of the five complexes constituting this pathway (complex І-V). Hypoxia and/or ischemia may both lead to inadequate supplies of glucose and oxygen, followed by dose-dependent depletions of high-energy phosphates (2) . Hyperoxic reoxygenation further impairs the oxidative energy metabolism in subregions of the brain (33) . In line with these findings, our group has shown a slower decline in Krebs cycle intermediates in newborn pigs exposed to hypoxia followed by reoxygenation with 100% O 2 (34) . Moreover, epidermal growth factor receptor (Egfr) signaling pathway was also downregulated after using 100% O 2 compared with when room air was applied during reoxygenation. Prolonged activation of Egfr may trigger oxidative neuronal injury in central neurons (35) , and suppression of this pathway may be a protective response to hyperoxia.
Excitotoxicity and Repair After Hyperoxic Reoxygenation
The ionotropic glutamate receptor NMDA2B (Grin2b), insulin-like growth factor I receptor (Igfr1r), and damage-specific DNA binding protein 1 (Ddb1) are among the genes responding to reoxygenation with 100% O 2 . Overactivation of Grin2b is linked to impairment of glutamate uptake by glia (3) . As shown herein, co-expression with Mt2 can be indicative of 
Limitations of the Study
The current study was restricted to analysis of mRNA expression levels, without measurements of the actual protein levels or enzymatic activities. Moreover, gene expression was studied at one early time point, revealing only the acute affection on gene expression after hypoxia-reoxygenation. We are currently performing a follow-up study with temporal gene and protein expression profiling.
Conclusion
Reoxygenation with 60 or 100% O 2 increases brain inflammatory gene expression and decreases expression of genes involved in oxidative phosphorylation pathway in the immature brain. A hypoxia-reoxygenation event accumulates microglial proliferation in selective vulnerable subregions of the brain. The acute transcriptional changes may be of concern after using supplementary oxygen, as long-term consequences cannot be ruled out. Further studies can add additional insights into the mechanisms of the identified genes and pathways related to hypoxia-reoxygenation in the newborn brain.
METHODS
Animals
All experiments were approved by the Norwegian Animal Research Authority. The animals were cared for and handled in accordance with the European Guidelines for Use of Experimental Animals by FELASA (Federation of European Laboratory Animals Science Association) researchers. C57BL/6 mice were received from the Taconic Facility in Tornbjerg, Denmark. Mice were stabled and bred at 24 °C on a 12:12 light/dark cycle with access to a diet of pellets and water ad libitum. All experiments were performed on P7 mice (day of discovery was counted as day 1).
Hypoxia and Reoxygenation Model
Custom-made Lucite chambers were used for hypoxia and reoxygenation experiments. Hypoxia was performed with premixed gas: 8% oxygen balanced in nitrogen (Yara, Oslo, Norway). Following hypoxia, reoxygenation with different FiO 2 levels (0.21, 0.40, 0.60, and 1.00) was performed simultaneously in separate chambers. During reoxygenation, FiO 2 was monitored with conventional oxygen mixers. Constant atmospheric pressure was maintained by a continuous supply of 0.5 l/min and open outlets. CO 2 concentrations were <0.3%. The temperature in the chambers was kept constant at 35 ± 0.5 °C by floor heating and humidity was maintained at 40-50% with an open water source. Pups were separated from their dams throughout the experiment. Mice were not anesthetized or restrained. 
